The translational motion of a large polaron as whole is analyzed in the context of its effect on the broadening of an absorption optical spectrum. It was open question how important the role of translational degrees of freedom and the corresponding velocities are on the broadening. The Bogolyubov method of canonical transformation of coordinates is formulated for a system of an electron and field, taking into account rigorous fulfillment of the conservation laws. Separation of variables is carried out for the coordinates describing the translational degrees of freedom and the electron oscillations in a polarization well. The equations obtained for the electronic states explicitly depend on the velocity of the free polaron as a whole. An estimate is made for free polaron in ammonia.
Introduction
ITS is well known that the absorption spectra of free large polaron consists of a broad featureless asymmetric band with a long tail extended to the short-wave length region. There is vast literature on the possible mechanisms of broadening the optical spectrum of free polaron. S. I. Pekar [1] have studied the broadening of the optical absorption spectra of large polaron in crystal as a function of phonon dispersion. In the work [2] authors have calculated the optical absorption coefficient for free polarons using the multiphonons mechanism. The main idea in ref. [3] consist that broadening of the absorption spectra depends on width of an electronic band. In this case broadening of the absorption spectra to proportionally electron effective mass at the bottom of a conductivity band [4] . However the question of a contribution to the broadening from the translational degrees of freedom and from the corresponding velocities is still unanswered. In this work the thermal motion of free quasiparticle as a whole is analyzed in the context of its effect on the broadening of the optical absorption spectra.
Mathematical Method
To analyze the effect of translational motion of a free large polaron on its absorption spectra, one must separate in the Hamiltonian the translation-invariant degrees of freedom from the coordinates describing the motion of the polaron as whole and derive the velocity dependent equations for the electron transitions. If the electron and quantum field are strongly coupled then the collective localized state of the field and particle is formed. In such a formation the electron motion is rather intricate. On the one hand the electron oscillated within a rather deep polarization potential well and undergoes the optical transitions, and on the other, it moves together with the center of inertia of the system and participates in the translational random walk. The problem is to separate these motions correctly, rigorously taking into account the conservation laws. This can be conveniently done using Bogolyubov [5] method of canonical transformation to the collective coordinates. The Bogolyubov method is the most powerful analytic techniques available for discussing electron-phonon problems. This transformation removes the translational degeneracy and allows one to develop the successive approximation algorithm for the energy and wave function while simultaneously fulfilling the law of conservation of total momentum of the system. Some of the transformed variables are generalized coordinates whose canonically conjugated momenta are the integrals of motion, which are defined by the symmetry properties of the original Hamiltonian and hence ultimately ensure fulfillment of the conservation laws. Fol-lowing the Bogolyubov method, we reformulate the adiabatic theory of the particle strongly interacting with the quantum field. The resulting equations determine the electron transitions and depend explicitly on the translational velocity of free polaron.
Within the effective mass one-electron continual approximation the Hamiltonian of the electron-phonon system has the form
One can see that, after changing the variables, the energy of the electron -field interaction and the field potential energy are indeed of the same order in the γ parameter. Hamiltonian (4) is translation-invariant. According to Equation (3) the operator of the total momentum of the system can be written as
, so that it is a strict integral of motion. It then follows that the q vector indeed means the coordinate of the center of gravity of the system. Because of a smallness of the last term in Equation (4), the effect of interaction of the electron with the quantum field reduces mainly to the appearance of a potential well [second term in Equation (4)] whose depth depends on the magnitude of the dimensionless coupling constant. As a result of the strong interaction, the quasi-particle is characterized by its own internal structure. The appropriate internal states can be coupled to one another by the electronic transitions.
The interaction of phonons with the charged particles is known to shift the equilibrium positions of the field oscillators relative to their unperturbed values. We thus supplement transformation (2) by the transformation of the field coordinates q f :
The translation-invariant Q f variables allow for the quantum fluctuations of the field near its new self-consistent classical value which is determined by the set of c-numbers u f to be evaluated in the follows. Within the new variables (5) the interaction potential between the electron and the quantum polarization field retains its order of magnitude in γ. Note that the introduction of new coordinates (2) results in the appearance of three extra degrees of freedom in comparison to the original system. We therefore impose three additional conditions on the Q f coordinates, which can be chosen in a linear form without loss of generality:
This requirements, allow one to retain the number of independent variables after introducing the new electron and field coordinates. The v f values can be chosen in such a way that the orthonormalization condition
is fulfilled together with the requirement that (2) and (5) provide fulfillment of the conservation law for the total momentum. Hamiltonian (4) can be further transformed after the operator of momentum p f is expressed in the terms of the new variables q, λ and Q f :
Putting u f independent of q k and differentiating (5) with respect to q k we get
The derivative / q   k q is found by inserting (5) in the additional condition (6) and differentiating the identity obtained. The result is
The equation for the partial derivative of q with respect to q k is obtained from Equation (10) taking into account transformation (5) and the condition (7) 1 ( )
This equation can be solved by iteration, with 1/γ as a small parameter. The following solution is then obtained within an accuracy of the terms on the order of 1/γ 2 :
Using the transformation of variables (2), one deter-
using this equality and Equation (12), one finally obtains the following expansion series for the / q   f operator in terms of the λ, q, and Q f variables
f kl kl q (13) where P f stands for the field generalized momentum; the latter is expressed as a linear combination of the
As the q coordinate is a cyclic variable, the corresponding canonically conjugated operator of momentum / i     q (which coincides with the total momentum of the system) commutes with Hamiltonian (4). Correspondingly, the /  q operator will be further replaced throughout by the total momentum
. In order to allow for the momentum even in the first approximation, we introduce the I vector such that P = γ 2 I. As a result, translational effects appear even in the first order. The total eigenfunction of the system can then be written as
This function realizes a certain representation of the translation group and corresponds to the state with a fixed total momentum P of the system. It is convenient to perform, according to [5] , one more unitary transformation of the wave function with respect to the Q f variable and rewrite the total wave function as
The complex numbers 
where the following notations are used:
We also require that
The physical meaning of the C vector will be given below. Let us expand the total wave function Φ and energy E in powers of γ:
Upon substituting (22) in the equation HΦ = EΦ with Hamiltonian (17) and collecting the terms with the same γ powers, we obtain the following set of equations:
Because the H 2 operator acts only on the field variables Q f the zero-order wave function can be written in a multiplicative form )
is an arbitrary function of the Q f coordinates. Taking into account that the functions Φ 0 and Φ 1 are ortonormal, one has from the second equation in (23): 
The Equation (24) is derived under the assumptions that the operators P f satisfy the condition u  f f f f P 0  that directly follows from the P f definition. Substituting the additional requirement (21) and the condition (7) in (24) and assuming that the ground electronic state is described by the wave function ) ( 0 λ  , one finds from Equation (24) the self-consistent classical field components
In the strong coupling limit, the H 2 term in the Hamiltonian expansion (17) 
is introduced. The first two terms in Equation (26) 
. (27) Using Equation (25), it can be recast as
(28) which parametrically depends on the C vector. The integro-differential Equation (28) must be generally solved using the self-consistent method because the classical component of the field is influenced by the electronic state to the same extent as u f influence the electronic state.
Let us now clarify the physical meaning of the C vector. For this purpose, we differentiate E 2 in (26) with respect to C 2 2
The
derivative can be found using Equation (27). This can be done by differentiating (27) with respect to C,
The average of Equation (30) for the state with the wave function
Using the value obtained of the classical field component f u (25), Equation (31) can be transformed to
(32) Then, instead of (31), the required derivative can be represented as
We finally obtain 2 2
Consequently, the following result is obtained after using the definition for the total momentum P = γ 2 I:
E is merely the velocity v. Therefore, the C vector is related to the translational velocity of the polaron by expression:
and determines to the γ 2 factor, the mean velocity of the center of inertia of system. Hence the energy eigenvalue (28) of the self-consistent ground electronic state W 2 explicitly depends on the translational velocity of the quasiparticle.
Let us now determine the translational effective mass of the polaron. Using (26) and assuming that the velocity of the center of inertia is small, which ordinary holds for thermal motion, we expand the energy eigenvalue of the system in series with this approximation, the intensity is symmetrically distributed relative to the 
The approach presented to estimating the broadening of the absorption spectra is valid if the inequality (0) 0 / k t c   v is fulfilled, where t is the mean free path time of the quasi-particle, and c is the light velocity. This inequality is fulfilled for the transition frequencies and temperatures of interest.
Discussions and Conclusions
The theory is applied to free polaron in ammonia. The electron is self-trapped owing to strong interaction with the quantum polarization field, which is generated by the dipole ammonia molecules librating around their equilibrium positions. Various investigations [8] [9] [10] [11] [12] have shown that many properties of electrons in ammonia may be described using the model of continual polarons. Within the framework of this model the possibility of existence coupled of two-electronic bipolaron formations in singlet state [13, 14] has been established and magnetic and optical properties of metal-ammonia systems are explained [8, 9] . The criteria for validity of the theory reduce to the following inequality:
. For an electron in ammonia, 0.885
 is the energy of the most active optical transition of a self-trapped electron [11] , eV
is the energy of the longitudinal polarization oscillations of the medium [15] , and
is the excitation energy of electrons of the main substance [11] . The orientational oscillations of molecules about their equilibrium position in a polar liquid form elastic waves that may be treated as in crystal. As a result of the directionality and saturation of the intermolecular hydrogen bonds for ammonia, the "quasicrystallinity" of the structure is comparatively well defined. Far from the critical point, the thermal vibrations of the molecules may be reduced to a set of Debye waves, as in a polar crystal, where the spectrum of collective oscillations in the liquid has a cutoff at longer wavelengths than in crystals [16] on account of the translational motion of the particles. The elastic continuum approximation does not generally allow for anisotropy and is far better applicable to a liquid than to a crystal [17] .
The width W 1/2 of the optical spectrum of free polaron in ammonia can be numerically estimated if the numerical parameters of the theory are given. At low concentrations of the polarons, the dielectric constants ε ∞ and ε s can be set equal to their values in pure ammonia; i.e., ε ∞ = 1.756 and ε s = 22.7. The electron effective mass m * is usually determined from a comparison of the experimental and theoretical positions of the absorption band maximum. At sufficiently low temperatures, the transition frequency is dominated by the first term in (49). Indeed, for the experimental measurements at temperature T = 225 K [11] , we have the ratio 
In this estimate, it is taken into account that, according to Formula (42), the effective mass of the solvated electron is m ** = 0.02γ 8 m * . Therefore, the translational velocity contributes only insignificantly to the optical transition. It is mainly determined by the (0) 0k
term. A comparison of the theoretical position of the band maximum with its experimental value 0.88 eV [11, 18] yields the value of m * = 1.73m for the electron effective mass, where m is the mass of a free electron.
Let us estimate numerically the contribution from the translations of quasiparticle as whole to the full width at half maximum of the absorption spectra. (51) and (52) yield the value of W 1/2 = 0.23 eV for the contribution from the thermal motion of the quasiparticle, which represents an appreciable part of the experimentally observed value 0.46 eV [11, 18] . The remaining part in the broadening of the absorption spectra of the polaron is likely to be due to the fluctuations of the polarization field [4] or other mechanisms which short discussed in Introduction. Equations (51) and (52) can be also used to calculate the temperature band-width coefficient; it occurred to be equal to 3 1/2 / 1.03 10 /K dW dT eV    . The experimentally measured [19, 20] range (0.6 -1.6) × 10 -3 eV/K of the temperature coefficient is in satisfactory agreement with the calculated value.
